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Drebrin Is a Novel
Connexin-43 Binding Partner that Links
Gap Junctions to the Submembrane Cytoskeleton
extracellular signals. The rearrangement or disruption
of interactions between connexins and the Drebrin-con-
taining submembrane cytoskeleton directs connexins
to degradative cellular pathways.
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Gap junctions are transmembrane channels betweenGermany
contacting cells and mediate intercellular communica-3 Department of Neurobiology
tion and signaling by permitting the passage of ions,Max-Planck-Institute for Biophysical Chemistry
metabolites, and second messengers [1–3]. ConnexinsGo¨ttingen
organize themselves into hexameric assemblies, namedGermany
hemi-channels or connexons, that contain six subunits.4 Department of Neurobiology and Behavior
After transport to the plasma membrane, connexonsGunma University Graduate School of Medicine
can align between neighboring cells head-to-head toMaebashi
form the functional and regulated gap junction channels.Japan
More than 20 connexin isoforms encoded by different5 Cambridge Institute for Medical Research
genes have been described in the human genome [4],University of Cambridge
allowing the synthesis of a large number of channels withCambridge
different functional properties. All connexins compriseUnited Kingdom
four transmembrane helices, two extracellular loops rig-
idly held together by disulfide linkages, and three vari-
able cytoplasmic domains: amino terminus, cytoplasmic
Summary loop, and carboxy terminus [1]. The importance of gap
junctions for multicellular organisms is highlighted by
Background: Connexins form gap junctions that medi- a wide array of different human diseases and mouse
ate the transfer of ions, metabolites, and second mes- phenotypes that arise from defects in these genes. In
sengers between contacting cells. Many aspects of con- mice null mutations in Cx43, the main connexin of gap
nexin function, for example cellular transport, plaque junctions in heart and many other tissues, cause death
assembly and stability, and channel conductivity, are shortly after birth. The hearts of such mice beat, but a
finely tuned and likely involve proteins that bind to con- malformation of their heart is fatal. In humans, the inher-
nexins’ cytoplasmic domains. However, little is known ited defects in individual connexin isoforms are associ-
about such regulatory proteins. To identify novel pro- ated with demyelinating disorders of the peripheral ner-
teins that interact with the COOH-terminal domain of vous system, severe hearing impairment, eye lens
Connexin-43 (Cx43), the most widely expressed con- cataracts, skin disorders, heart arrhythmias, and heart
nexin family member, we applied a proteomics approach malformation [4]. Some of these diseases have a signifi-
to screen fractions of mouse tissue homogenates for cant impact on the human population, with Cx26 muta-
binding partners. tions accounting for more than 50% of the cases of
Results: Drebrin was recovered as a binding partner inherited asyndromic sensorineural deafness [4]. The
of the Cx43 COOH-terminal domain from mouse brain intracellular transport of connexins, connexon assembly
homogenate. Drebrin had previously been described as and channel formation, gap junction plaque assembly
an actin binding protein that diminishes in brains during at the plasma membrane, and modulation of channel
Alzheimer’s disease. The novel Drebrin-Cx43 interaction activities are most likely governed by interactions with
identified by proteomics was confirmed by colocaliza- regulatory and structural proteins that recognize spe-
tion of endogenous proteins in astrocytes and Vero cells, cific sequence motifs in the cytoplasmic domains of
coimmunoprecipitation, electron microscopy, electro- connexins. However, only a few such connexin-inter-
physiology, coexpression of both proteins with fluores- acting proteins have been described to date, and these
cent tags, and live-cell FRET analysis. Depletion of Dre- include the tight junction protein ZO-1, tubulin, and the
brin in cells with siRNA results in impaired cell-cell kinase c-Src [5–8].
coupling, internalization of gap junctions, and targeting In this study we screened for new interaction partners
of Cx43 to a degradative pathway. of Cx43, the most widely expressed member of the con-
Conclusions: We conclude that Drebrin is required for nexin family. We identified Drebrin as a novel interaction
maintaining Cx43-containing gap junctions in their func- partner of the Cx43 COOH-terminal domain at the
tional state at the plasma membrane. It is thus possible plasma membrane. Drebrin, previously described as an
that Drebrin may interact with gap junctions in zones of actin binding protein [9], was recovered from mouse
cell-cell contacts in a regulated fashion in response to brain homogenates. We confirmed the importance of
Cx43/Drebrin interaction in living cells and analyzed the
effects of RNAi depletion of Drebrin on gap junction*Correspondence: im266@cam.ac.uk (I.M.), rd217@cam.ac.uk (R.D.)
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Figure 1. Drebrin Interacts with Connexin-43
In Vitro and Colocalizes with Connexin-43 at
the Plasma Membrane by Immunofluores-
cence
(A) Distribution of endogenous connexin-43
in astrocytes.
(B) SDS-PAGE and Coomassie staining of
proteins obtained in a pull-down assay with a
GST-fusion protein encompassing the Cx43-
COOH-terminal domain (residues 234–382)
with a membrane fraction of mouse brain ho-
mogenate. Arrows indicate the positions of
Drebrin and tubulin. Both proteins were iden-
tified by MALDI-Q-TOF in the pull-down
fraction.
(C–E) Plasma membrane colocalization of en-
dogenous Drebrin E and Cx43 in astrocytes
as detected with anti-Cx43 and anti-Drebrin
M2F6 antibodies, respectively. In the noncon-
tacting regions of the plasma membrane,
Drebrin E does not colocalize with Cx43.
(F–J) Subcellular fractionation of Vero cells
and characterization of the separated frac-
tions. (F) anti-Cx43 antibodies (raised against
the first extracellular loop) immobilized on
protein A Sepharose can coimmunoprecipi-
tate Drebrin from the plasma membrane frac-
tion (1). Anti-ERD2 antibodies (used as a con-
trol of the Golgi fractions) show the relative
distribution of transmembrane Golgi protein
in fractions 1 and 6. (G) Fractions containing
biotinylated proteins, corresponding to the
plasma membrane (PM), were detected with
streptavidin-peroxidase. (H) A blot probed
with streptavidin-peroxidase (fractions 1–3)
was again exposed to anti-KDEL antibodies
to reveal the ER (fractions 8 and 9). (I) Drebrin
was detected in the pellet of the plasma mem-
brane fraction. (J) Cx43 was present in both
plasma membrane and the Golgi fractions.
(K and L) Time-dependent accumulation of
Drebrin under the plasma membrane of Vero
cells transfected with CFP-Drebrin and Cx43-
YFP upon Latrunculin B treatment.
stability and permeability. Our data indicate that Drebrin fusion protein (Figure 1B). Drebrin has been previously
described as an actin binding protein [9] whose level isis required to maintain functional Cx43-containing gap
junctions at the cell surface. greatly decreased in brains of Alzheimer patients [10].
We obtained 22 peptides by Q-TOF sequence analysis
with exact matches to the cDNA-derived protein se-Results and Discussion
quence of Drebrin (p 0,05) (see Table S1 in the Supple-
mental Data available with this article online).Pull-Down Assays with the Cx43 COOH-Terminal
Domain Recover Drebrin from Brain Homogenate Another band obtained in the pull-down assay was
identified by MALDI Q-TOF analysis as -tubulin (seeIn search of new interaction partners of Cx43, we used
a proteomics approach to screen subcellular fractions arrow in Figure 1B; peptide data not shown), which has
already been described as an interaction protein forfrom different mouse tissues (brain, kidney, lung, heart,
and liver) for proteins that may interact with a GST- Cx43 [7]. A further previously described Cx43 binding
partner, the tight-junction protein ZO-1 [5, 6], was pres-fusion protein encompassing the Cx43 COOH-terminal
domain (residues 234–382), which is normally exposed ent in the starting plasma membrane fractions, as de-
tected by immunoblots with a ZO-1 antibody. Neverthe-to the cytosol. Pull-down assays with this Cx43-COOH
terminal domain fusion protein recovered several bands less, ZO-1 was not recovered on the Cx43-GST fusion
protein under our experimental conditions, which in-that were resolved by SDS-PAGE and visualized with
Coomassie Blue (Figure 1B). MALDI/Q-TOF (matrix- cluded the presence of 1% Triton and ATP in the binding
reactions and wash buffer.assisted laser desorption ionization/quadrupole time-
of-flight) mass spectrometry analysis of tryptic peptides Next we analyzed the distribution of endogenous Dre-
brin E and Cx43 by immunofluorescence with the corre-identified a number of these proteins. One of them, Dre-
brin E, was reproducibly recovered in pull-down assays sponding antibodies. In astrocytes (Figures 1C–1E) and
Vero cells (Figures 3A and 3B), a clear colocalization offrom the brain membrane fraction via the Cx43-GST
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both proteins underneath the plasma membrane in the were acquired as follows: acceptor after bleach (Aab)
and donor after bleach (Dab). In the regions of cell-cellregion of cell-cell contacts was observed. On the other
hand, inside the cell and in noncontacting regions of contacts containing CFP-Drebrin and Cx43-YFP, a clear
FRET signal was revealed by an increase in the donorthe plasma membrane, Drebrin E did not colocalize with
Cx43 (Figures 1C–1E, 3A, and 3B). fluorescence (CFP-Drebrin) after the acceptor (Cx43-
YFP) was photoinactivated (Figures 2F and 2G).Subcellular fractionation of Vero cells, performed as
we described previously [11] and in the Supplemental For a more precise characterization of the CFP-Dre-
brin/Cx43-YFP interaction underneath the plasma mem-Data available with this paper online, revealed that Cx43
was present in both the plasma membrane (PM) and brane, we analyzed the comparative degree of the donor
dequenching along the interface of contacting cellsGolgi fractions (Figure 1J), whereas Drebrin was de-
tected only in the plasma membrane fraction (Figure 1I). upon direct photoinactivation of the acceptor (Cx43-
YFP) by using image data processing with the Meta-Fractions containing Golgi membranes were detected
by an enzyme assay for UDP-galactosyltransferase, and Morph 6.0 program (Figure 2H). The comparison of two
graphs derived from the same cellular region obtainedthe plasma membrane fractions were recognized by
streptavidin-peroxidase after cell-surface biotinylation before (Dbb) and after (Dab) acceptor inactivation re-
vealed a 15%–25% increase in the donor fluorescenceof intact cells on ice (Figure 1G), as described by us
previously [11]. Golgi fractions in the gradient were de- (small arrows in zones of cell-cell contacts in Figure
2H). As a negative control, the unchanged backgroundtected with antibodies against the transmembrane Golgi
KDEL-receptor (ERD2). ER fractions were recognized region of the same cell is depicted before and after the
acceptor bleach (big arrows in Dbb and Dab, Figure 2H).by the maximal activity of Rotenone-insensitive cyto-
chrome-C reductase [11] in gradient fractions and with The degree of acceptor photoinactivation in each pixel
along the linescan is shown in Figure 2H (Abb, Aab). 3Dantibodies directed against the KDEL-peptide sequence
(which is characteristic for many ER resident lumenal reconstruction of the profile scan revealed the distribu-
tion of FRET between CFP-Drebrin and Cx43-YFP un-proteins) in immunoblots (Figure 1H; fractions 8 and 9).
Immunoprecipitations with anti-Cx43 antibodies (raised derneath the plasma membrane (Figure 2I).
We further confirmed FRET proximity between CFP-against the first external loop, residues 46–68) were per-
formed from the fractions, and immunoblotting with anti- Drebrin and Cx43-YFP by using a Zeiss LSM 510 META
microscope setup. CFP-Drebrin and Cx43-YFP interac-Drebrin antibodies allowed analysis of coprecipitating
proteins. Drebrin was immunoprecipitated from the PM tions were analyzed in living cells during the time-depen-
dent photoinactivation of the acceptor in the region offraction but not from the Golgi fractions (Figure 1F).
These results confirm that Drebrin is associated with cell-cell contacts where both donor and acceptor were
present (Figure 2J). The time-dependent increase in theCx43 in the plasma membrane fraction.
To test whether the submembrane localization of Dre- donor fluorescence (CFP-Drebrin) was inversely propor-
tional to the degree of acceptor (Cx43-YFP) inactivationbrin depends on the presence of polymerized actin, we
treated Vero cells with the actin-depolymerizing drug (Figure 2K). All images are representative of at least
three independent sets of experiments and confirm thatLatrunculin B (100 nM). In Vero cells transfected with
CFP-Drebrin and Cx43-YFP, Drebrin was still detected the interaction between Drebrin E and Cx43 occurs in
the region of cell-cell contact in a living cell.underneath the PM of contacting cells after Latrunculin
B treatment and thus was not dispersed through the
cytoplasm in the absence of actin filaments (Figures 1K
Disruption of Drebrin/Cx43 Interactions byand 1L).
Drebrin RNAi Directs Cx43 for Degradation
To better understand the functional importance of the
Drebrin/Cx43 interaction in a live cell, we decreased theLive-Cell Analyses Reveal Drebrin/Cx43
Interactions in Submembrane Regions level of Drebrin in Vero cells by using transfection with
siRNA duplex oligos directed against Drebrin (see Ex-of Cell-Cell Contacts
Live-cell imaging of COS cells expressing CFP-Drebrin perimental Procedures and [14]). In control cells, Drebrin
E and Cx43 were colocalized in the regions of cell-celland Cx43-YFP revealed that Drebrin strongly accumu-
lates in contacting regions of the plasma membranes contact by immunofluorescence (Figures 3A and 3B).
Forty-eight hours after oligofectamine transfection withonly when Cx43 is present there (Figure 2A–2C). To con-
firm the close molecular proximity of Drebrin and Cx43 the siRNA oligos against Drebrin, we observed a signifi-
cant decrease in both the immunoblot (Figure 3M) andin the regions of cell-cell contacts, we used live-cell
fluorescence resonance energy transfer (FRET) and an immunofluorescence signals with anti-Drebrin antibod-
ies (compare Figures 3A and 3D). Drebrin siRNA-silencedacceptor bleach protocol that we had developed earlier
[12, 13]. For these experiments, CFP-Drebrin and Cx43- cells showed a strong decrease of the staining for Cx43
(Figure 3E). In control Vero cells transfected with Cx43-YFP were coexpressed in Vero cells. In case of FRET
proximity, the photoinactivation of the acceptor (Cx43- GFP, immunoelectron microscopy with antibodies
against Drebrin or Cx43 revealed that both proteins areYFP) results in an increase of the fluorescence of the
donor (CFP-Drebrin). First, donor and acceptor images present in plasma membrane regions containing gap
junctions (Figure 3C). We observed that transfectionwere acquired as follows: donor before bleach (Dbb)
and acceptor before bleach (Abb) (Figures 2D and 2E). with Drebrin siRNA induced the scattering of Cx43-GFP
through the cytoplasm (Figure 3G). Immunoelectron mi-Photoinactivation of the acceptor (Cx43-YFP) was per-
formed with an external laser at ex 530 nm, and images croscopy analysis of Vero cells transfected with Drebrin
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Figure 2. CFP-Drebrin and Cx43-YFP Colo-
calize in Living Cells and Show a FRET Inter-
action
(A–C) COS cells transfected with CFP-Drebrin
and Cx43-YFP reveal strong colocalization of
both proteins in the regions of cell-cell con-
tacts. Note that CFP-Drebrin also accumu-
lates in regions of cell-cell contact where
Cx43-YFP is present.
(D–K) FRET analyses of live Vero cells ex-
pressing CFP-Drebrin/Cx43-YFP. (D and E)
Donor (Dbb) and acceptor (Abb) images be-
fore acceptor inactivation. (F and G) Donor
(Dab) and acceptor (Aab) images after ac-
ceptor photoinactivation done with an exter-
nal laser at ex 530 nm. (H) corresponding
linescans (Dbb, Dab, Abb, Aab) along the cell-
cell interface; small arrows indicate an in-
crease in donor fluorescence, and big arrows
show the unchanged background. (I) 3D re-
construction of a profile scan shows the dis-
tribution of FRET between CFP-Drebrin and
Cx43-YFP under the plasma membrane
(compare Dab to Dbb). (J and K): FRET be-
tween CFP-Drebrin and Cx43-YFP detected
with the LSM 510 META microscope setup.
The diagram shows that the time-dependent
increase in donor fluorescence (CFP-Drebrin,
green) is inversely proportional to the degree
of acceptor (Cx43-YFP, red) inactivation (K).
siRNA revealed the presence of Cx43 in multivesicular Functional Stabilization of Gap Junctions
in Astrocytes on the Plasma Membraneintracellular membrane structures inside the cell (Figure
3F), most likely indicating that this connexon material by Drebrin May Favor Increased Cell-Cell
Coupling and Dye Transferhad undergone internalization and was subject to degra-
dation. This contrasts with a prominent cell-cell contact We examined the cell-cell coupling in astrocytes and
Vero cells by using electrophysiology and dye transfer.pattern observed in control cells (Figure 3C). Microinjec-
tion of calcein into Vero cells transfected with Drebrin Compared to Vero cells (Figure 4B), astrocytes showed
strong cell coupling (Figure 4A). We compared the local-siRNA resulted in a decreased ability to transfer dye to
the neighboring cells as compared to the control cells ization of endogenous Cx43 and Drebrin in both cell
types by immunoflorescence with anti-Cx43 and anti-(Figure 3K and 3L).
The results show that in Drebrin siRNA transfected Drebrin antibodies. Astrocytes showed strong staining
of the plasma membrane for Cx43 (Figure 4C, see alsocells the connexons are not able to maintain functional
gap junctions, resulting in a decreased transfer of cal- Figures 1C and 1D). In Vero cells endogenous Cx43
showed weaker staining of the plasma membrane andcein to the surrounding cells. The decrease in the endog-
enous Drebrin level in siRNA-transfected Vero cells also pronounced labeling of the Golgi region (Figure 4D).
Plasma membrane localization of Cx43 in astrocytesresulted in a dramatic decrease of the endogenous Cx43
level compared to that of the control cells (Figure 3M); (Figure 4C) correlates with stronger electrical coupling
(Figure 4A) compared to that in Vero cells (Figure 4B).this decrease correlates well with the disappearance of
Cx43 from the submembrane zones of cell-cell contacts. Cx43-GFP transfected into Vero cells localizes to the
cell-cell interfaces (Figure 4B, upper right panel) andFurthermore, in actin-GFP-expressing cells we ob-
served extensive ruffling of the plasma membrane after favors increased cell-cell coupling (data not shown). Co-
transfection of Vero cells with Cx43-GFP and siRNAtransfection with Drebrin siRNA that was not observed
in control cells (Figures 3I and 3J). against Drebrin prevented the appearance of Cx43-GFP
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Figure 3. Cx43 in Cells Treated with Drebrin
siRNA
(A and B) Distribution of endogenous Drebrin
and Cx43 in Vero cells as revealed by immu-
nofluorescence with anti-Drebrin and anti-
Cx43 antibodies. Both proteins colocalize
under the plasma membrane but do not colo-
calize in the Golgi region (see the arrows).
(C) The distribution of CFP-Drebrin and Cx43-
YFP in Vero cells as detected by immunoelec-
tron microscopy. Note that in Vero cells
(which do not have tight junctions, desmo-
somes, or adherens junctions) Drebrin is
present in regions of cell-cell contact with a
gap junction appearance.
(D and E) Localization of Drebrin and Cx43
detected 48 hr after transfection of Vero cells
with siRNA against Drebrin; the same anti-
bodies as in (A) and (B) were used for detec-
tion. Note that the decrease in the level of
Drebrin correlates with the decrease of Cx43
immunoreactivity and disappearance of Cx43
from the submembrane zones of cell-cell
contacts.
(F) Formation of Cx43-GFP-containing multi-
membrane clusters in Vero cells cotrans-
fected with siRNA against Drebrin (16 hr) was
detected by immunoelectron microscopy
with anti-GFP antibody.
(G) Scattering of Cx43-GFP through the cyto-
plasm in Vero cells transfected first with
siRNA against Drebrin (24 hr) and then by
Cx43-GFP transfection (10 hr).
(H) Vero cells cotransfected with siRNA
against Drebrin and Cx43-GFP (10 hr).
(I and J) Vero cells transfected with GFP-Actin
(I) or cotransfected with siRNA directed
against Drebrin and GFP-Actin (J). The ab-
sence of Drebrin also induces ruffling of the
plasma membrane (shown at 10 hr after trans-
fection).
(K and L) Calcein transfer between control (K) and siRNA-Drebrin-transfected (l) cells 20 min after microinjection.
(M) Immunoblot analysis of Vero cells transfected with siRNA against Drebrin. Note that the decrease in Drebrin level results in a dramatic
reduction of the level of Cx43 compared to that in control cells. Anti-ERD2 antibodies were used as a loading control.
in regions of cell-cell interfaces. Instead, Cx43-GFP ability, an observation that was confimed by stastistical
evaluation (n  6 for control cells and n  5 for cellsstaining was detected throughout the cytoplasm in small
punctate structures and in a perinuclear region (Figure transfected with Drebrin siRNA) (Figure 4E, right panel).
After siRNA-mediated depletion of Drebrin, calcein4B, lower right panel).
We used double whole-cell voltage clamp recordings transfer between astrocytes (Figures 4G and 4H) was
also strongly decreased from that in control astrocytesof a pair of primary cultured mouse astrocytes to analyze
the state of cell-cell contact permeability (Figure 4E). (Figure 4F), although the overall level of dye transfer even
in Drebrin-depleted astrocytes still remained higher thanOne cell of the pair was exposed to voltage pulses of
200 ms with a holding potential at 70 mV in 10 mV in Vero control cells (data not shown).
Cx43 is a protein that is known to be phosphorylatedincrements (cell 1), whereas the adjacent cell was kept
at 70 mV (cell 2). Current responses from both cells, on both serine and tyrosine residues, which changes
its mobility upon SDS-PAGE [15, 16, 17]. Normally, ini.e., the stimulated cell (I1) and the neighboring cell cou-
pled through the gap junctions (I2) to the first cell, were immunoblots of cultured mouse astrocytes, the anti-
Cx43 antibodies show predominantly the upper, phos-recorded.
Comparison of the currents that pass through the gap phorylated bands of Cx43 (Figure 4C, lower panel), and
in Vero cells they show predominantly the lower, non-junctions (I2) of control cells, of cells cotransfected with
Drebrin siRNA and a plasmid encoding the transmem- phosphorylated band (Figure 4D, lower panel). After par-
tial depletion of Drebrin in cultured astrocytes by Drebrinbrane Golgi protein p23-CFP, or of control cells trans-
fected with just the p23-CFP plasmid revealed a strong siRNA, we detected fewer of the phosphorylated upper
bands of Cx43 with anti-Cx43 antibodies (Figure 4C,decrease in cell-cell permeability in Drebrin siRNA-
transfected astrocytes (Figure 4E). The fact that this lower panel). The functional consequences of Cx43
phosphorylation have been widely debated [15, 16].effect was reproducible indicates that siRNA-mediated
depletion of Drebrin strongly decreases cell-cell perme- Recently, Faucheux and coworkers, using inhibitors
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Figure 4. Drebrin Depletion by siRNA in
Astrocytes Results in Reduced Electrical
Coupling and Reduced Dye Transfer and Cor-
relates with Loss of Cx43 Phosphorylated
Bands
(A and B) A voltage step from 160 to 10
mV was applied to cell 1 while its contacting
cell, cell 2, was kept at 70 mV. Current re-
sponses from stimulated cell 1 (I1) and from
the neighboring cell 2 (I2) were recorded.
Note that current response in astrocytes is
always stronger than in Vero cells. Right: Vero
cells transfected with Cx43-GFP and Cx43-
GFP/siRNA Drebrin. Note that depletion of
Drebrin facilitates the removal of connexins
from the plasma membrane ([B], right panel)
and thus decreases cell-cell coupling.
(C and D) Astrocytes and Vero cells reveal
different cellular distribution of endogenous
Cx43. Strong staining of the plasma mem-
brane can be seen in astrocytes, whereas in
Vero cells endogenous Cx43 showed only a
punctate staining of the plasma membrane
and a distinct labeling of Golgi membranes.
Immunoblot with anti-Cx43 antibodies shows
predominantly the phosphorylated upper
bands of Cx43 in astrocytes and predomi-
nantly nonphosphorylated lower bands in
Vero cells. After partial depletion of Drebrin in
cultured astrocytes with siRNA, fewer upper
phosphorylated bands of P1 and P2 of Cx43
can be detected.
(E) Double whole-cell voltage clamp re-
cordings of a pair of primary-culture mouse
astrocytes. Currents from the stimulated cell
(I1) and currents that pass through the gap
junctions (I2) were recorded from control
cells, cells cotransfected with siRNA against
Drebrin plus a control plasmid encoding the
transmembrane Golgi protein p23-CFP, or
cells transfected with the p23-CFP plasmid
alone [11]. One cell of the pair was exposed
to voltage pulses of 200 ms with a holding
potential of70 mV in 10 mV increments (cell
1), and the adjacent cell was kept at 70 mV
(cell 2). Cells transfected with siRNA against
Drebrin were recognized by the p23-CFP sig-
nal and by Cy-3 label of the oligos. Three
representative cells are shown together with
a statistical evaluation (n  5 for control cells
and n  6 for cells transfected with Drebrin
siRNA). Control astrocytes: I2/I1  0.517 
0.27 (n 6); RNAi Drebrin: I2/I1 0.14 0.03
(n  5), p  0.004.
(F) Astrocytes microinjected with calcein dis-
play the transfer of dye to the adjacent cells within seconds via the functional gap junctions.
(G and H) There is a strong decrease in calcein transfer observed in astrocytes transfected with Drebrin siRNA (G), although contacting cells
are clearly visible in the transmission light image.
of cAMP protein kinase (PKA) and protein kinase C Cx43 and may (directly or indirectly) influence other con-
nexins that are expressed in astrocytes. Depletion of(GF109203X), showed a correlation between disappear-
ance of Cx43 phosphorylated bands and a strong de- Drebrin facilitates the removal of connexins from the
plasma membrane (as we observed for Cx43-GFP aftercrease in gap-junctional permeability [17]. Similarly, we
saw a reduction of the P2 and P1 bands of Cx43 in siRNA-mediated Drebrin depletion in Vero cells; Figure
4B, right panel) and thus decreases cell-cell coupling.astrocytes after siRNA-mediated Drebrin depletion (Fig-
ure 4C, lower panel). Therefore, it is tempting to specu-
late that Drebrin in astrocytes (most likely in complex Drebrin May Serve as a Linker between Cx43
and the Submembrane Cytoskeletonwith other submembrane proteins) may favor the func-
tional stabilization of Cx43 at the plasma membrane. A In this paper we have demonstrated that Drebrin, which
we found by a proteomics screen in a brain homogenatereduction in the cellular level of Drebrin will destabilize
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Figure 5. Intracellular Function of the Dre-
brin/Cx43 Interaction
(A) In Vero cells cotransfected with CFP-Dre-
brin and Cx43-YFP, both proteins are coloca-
lized under the plasma membrane in the re-
gion of cell-cell contacts (big arrows) but not
underneath the noncontacting plasma mem-
brane regions (small arrows).
(B) Model introducing a comparison between
the E-Cadherin/-catenin/-catenin/actin
system and the novel Cx43/Drebrin/actin in-
teractions discussed here.
(C) Plasma membrane interface of two cells
cotransfected with Cx43-CFP, GFP E-cadh-
erin, and CFP-Drebrin. Cx43-CFP is located
mainly in the middle of the cell-cell interface,
whereas GFP-E-cadherin is present mainly
at the distal parts of the cell-cell interface.
Drebrin is preferentially localized in the region
labeled by Cx43-CFP and less in the distal
parts labeled by GFP-E-cadherin.
fraction, not only colocalizes with Cx43 underneath the revealed that the initial interface between two cells was
defined by E-cadherin pointed cell-cell contacts,plasma membrane but also interacts with the C-terminal
domain of Cx43 in a living cell, as analyzed by FRET whereas Cx43 was not present at the initial points of
cell-cell contact (data not shown here). After a stable(Figure 2). Drebrin and Cx43 cotransfected into Vero
cells with fluorescent tags (CFP and YFP, respectively) cell-cell contact interface was established by E-cad-
herin, Cx43-CFP started to accumulate in the middlewere both present in zones of cell-cell contact (Figures
2A–2C and 5A). Initially, Drebrin had been described as region of this cell-cell interface (Figure 5C). Finally, in
established cell-cell contacts Drebrin colocalizes morean actin binding protein [18]. Additionally, a scaffolding
role of Drebrin in the submembrane cytoskeleton of den- with Cx43 than with E-cadherin, suggesting that the
Cx43/Drebrin complex may laterally displace E-cadherindritic spines has been documented [19, 20]. Precedents
for the regulation and stabilization of cell-cell contacts together with cadherin-interacting proteins to the distal
parts of this cell-cell interface. One of the previouslyvia crucial interactions with cytoplasmic proteins, (e.g.,
cell-cell adhesion mediated by E-cadherin) are well de- described interacting partners of Cx43 underneath the
plasma membrane is ZO-1 [5, 6]. ZO-1 has also beenscribed [21]. In light of this, we consider it likely that
Drebrin functions as a linker between gap junctions and reported to bind cadherin molecules that appear to regu-
late the translocation of ZO-1 to the cell surface throughthe actin/submembrane cytoskeleton. We hypothe-
size that there is an analogy between the E-cadherin/ interaction with catenins [23, 24]. In cases where Cx43
and E-cadherin are segregated during the formation-catenin/-catenin/actin system [21, 22] and the Cx43/
Drebrin/actin system (as depicted in Figure 5B). Cx43 as of cell-cell contact interfaces, the relative strength of
these interactions will determine the cellular distributionwell as E-cadherin may be utilized not only for cell–cell
contacts but also to convey extracellular signals to their of ZO-1.
Intriguingly, Drebrin levels have been shown decreaseintracellular effectors by using Drebrin for the modifica-
tion of the submembrane cytoskeleton in response to during Alzheimer’s disease (AD) [10, 25]. Thus, our sin-
gle-cell experiments with siRNA-mediated depletion ofextracellular stimuli. This function may be fulfilled by
Cx43 hemichannels that exist in the noncontacting Drebrin may somehow mimic the decreased level of
Drebrin in AD, causing increased degradation of Cx43membranes. As a first step to address this, we com-
pared the intracellular distribution of E-cadherin, Cx43, and consequently impairing cell-cell coupling. Interest-
ingly, Cx43 immunoreactivity was elevated at sites ofand Drebrin. We cotransfected Vero cells with GFP-
E-cadherin, Cx43-CFP, and YFP-Drebrin and linearly amyloid plaques of Alzheimer’s patients [26]. Our data
allow us to speculate that the increased Cx43 expres-separated the fluorescent signals. The distribution of
GFP-E-cadherin and Cx43-YFP in transfected Vero cells sion in AD may represent an attempt of tissues to main-
Drebrin Is a Novel Connexin-43 Binding Partner
657
then incubated with 300 	l of Glutathione Sepharose 4B beadstain homeostasis by aberrant induction of Cx43 expres-
loaded with GST fusion protein for 1.5 hr at 4
C on a rotating plat-sion in the pathological microenvironment of amyloid
form. Beads were washed five times in internal medium, containingplaques. A similar mechanism of induction has been
“Complete” protease inhibitors (Roche) and 1% Triton X-100. The
recently described for -catenin, whose level is boosted samples were boiled for 2 min in 60 	l 2 SDS-PAGE sample buffer
by the loss of the noncanonical Wnt pathway [27]. containing 0.1% -mercaptoethanol. The liquid phases were col-
lected, and proteins were separated on 12% SDS-PAGE gels.In this study, we provide evidence for Drebrin as a
novel and important interacting partner of Cx43 at the
siRNAplasma membrane and show that it stabilizes Cx43-
siRNA duplexes against human Drebrin E (also called Drebrin I) (5-containing gap junctions in their functional state. Once
CCAGAAGGUGAUGUACGGCdTdT-3 sense and 3-dTdTGGUCU
gap junction plaques were formed, CFP-Drebrin still co- UCCACUACAUGCCG-5antisense) “Option C,” nonlabeled or la-
localized with Cx43-YFP in Vero cells even after Latrun- beled with Cy3 on the 5 end of the sense strand, were produced
culin B treatment, suggesting that the presence of actin by Dharmacon (http://www.Dharmacon.com/).
filaments is not crucial for the Drebrin/Cx43 interaction.
Cell Culture and TransfectionInterestingly, in mature hippocampal neurons the PSD-
Vero (ATCC) as well primary cultures of astrocytes obtained from95 clusters containing Drebrin are also insensitive to
mice brain were used in experiments. Cells were maintained in Dul-
Latrunculin A, suggesting that PSD-95 distribution is becco’s modified Eagles medium, supplemented with 10% fetal calf
independent of the actin cytoskeleton [31]. In contrast, serum, penicillin/streptomycin (100 	g/ml), and L-glutamine (2 mM).
in developing neurons the synaptic clustering is still Transfection of Vero cells was performed by electroporation [11].
Transiently transfected cells (6–16 hr) were used in experiments.sensitive to Latrunculin A [20].
Oligofectamine reagent (Invitrogen) was used for siRNA transfectionDepletion of Drebrin causes Cx43 to be targeted to a
according to the manufacturers’ instructions. For cotransfectiondegradative pathway. Potentially, the cytoplasmic C-ter-
with siRNA and DNA, cells were electroporated as described earlier
minal domain of Cx43 is a highly regulated region that except that the buffer was prepared with deionized RNAase-free
contains multiple motifs for protein-protein interactions. water. siRNA-transfection with Oligofectamine was followed 24 hr
Interaction partners will likely include different kinases thereafter by transfection with Cx43-GFP or GFP-actin-encoding
plasmids. Expression patterns were analyzed within 6–18 hr afterand molecules that recognize the Cx43 COOH terminus
transfection with plasmids.in its phosphorylated state, molecules containing PDZ,
SH2, and SH3 domains, and components of the cellular
Immunocytochemistryubiquitination machinery. In a very simple model, during
To study the cellular distribution of endogenous Cx43 and Drebrin,
gap junction formation Drebrin may bind to the C-ter- we fixed Vero cells and astrocytes in 3% PFA in the presence of
minal domain of Cx43 and thus sterically prevent inter- FCS, washed the cells, and then permeabilized them with 0.1%
saponin/3% BSA in PBS. Commercial antibodies against Cx43actions with other modifying molecules. Alternatively,
(Sigma C6219) and a monoclonal antibody M2F6 against DrebrinDrebrin may stabilize Cx43 in its functional state as part
(Stressgen) were used in combination with Cy3- and Cy2-labeledof a larger submembrane cytoskeleton complex.
secondary antibodies. Cells were mounted in Fluorosave (Calbio-
chem) and analyzed with a Zeiss Axiovert 100 microscope.
Experimental Procedures
FRET Analyses
GST-COOH-Terminus-Cx43 Construct; GFP Constructs CFP-Drebrin (donor) and Cx43-YFP (acceptor) were coexpressed
To create the GST-COOH-Cx43 (amino acids 234–382) construct, in Vero cells for 6–12 hr. FRET (acceptor bleach) was applied for
the relevant part of rat Cx43 [28] amplified by PCR. The sequences analysis of donor-acceptor interactions as described previously [11,
of the primers were as follows: forward primer, 5-CTAGGGATC 12]. In brief, Dbb (donor before bleach) and Abb (acceptor before
CAAGGGCGTTAAGGATCGCGTGAAG-3; and reverse primer, 5-CTA bleach) images were acquired with a Zeiss Axiovert 100 TV fluores-
GGCGGCCGCTTAAATCTCCAGGTCATCAGG-3. The PCR product cence microscope equipped with 100 1.4 NA Plan Apochromate
was restricted with Bam HI and Not I and ligated into the Bam HI/ objective lens, a CCD camera (Kodak, Princeton Instruments), and
Not I sites of pGEX-4T-3 (Pharmacia). A cDNA encoding human CFP and YFP filter sets (Omega Optics and AF Analytic, Germany).
Drebrin E (accession number D17530; [29]) was used for generation An increase in donor fluorescence was monitored with an excitation
of the CFP-Drebrin construct. Cloning of PCR fragments was used filter set that consisted of the following: for excitation, BP 430/20;
for generation of the YFP-, CFP- and GFP-tagged versions of full- and for emission, BP 485/17. Images were analyzed with MetaMorph
length rat Cx43 used in this study. All constructs were verified by 6.0 (Universal Imaging Corporation, West Chester, PA). After acquisi-
DNA sequencing. tion of Dbb and Abb images, the acceptor was photoinactivated
with a green laser ex 530 nm built into the Zeiss Axiovert 100, and
two other images, Dab (donor after bleach) and Aab (acceptor afterExpression and Purification of GST-COOH-Cx43 Protein;
bleach), were recorded.GST Pull-Down Assay
GST-COOH-Cx43 protein was expressed in E. coli XL1 blue cells at
Supplemental Data24
C in the presence of 100 	M IPTG and purified on Glutathione
Supplemental Data including additional Experimental ProceduresSepharose 4B beads.
(surface biotinylation and subcellular fractionation; immuneprecipi-A fresh mouse brain was homogenized with 2 ml of internal me-
tation; immunoelectron microscopy [30]) and a table (peptide sum-dium containing “Complete” protease inhibitor (Roche). The homog-
mary report) are available with this article online at http://www.enate was centrifuged 45 min at 100,000 gav at 4
C. The supernatant
current-biology.com/cgi/content/full/14/8/650/DC1/.was used in experiments as the “cytosol fraction.” The pellet was
resuspended in 2 ml of the same buffer, containing Triton X-100 to
1%, and centrifuged as described. The supernatant was used in Acknowledgments
experiments as the “membrane fraction.”
The brain fractions were precleared by incubation with 50 	g of We are grateful to K. Lilley (Cambridge Centre for Proteomics) for
MALDI Q-TOF analysis used for protein identification. We thankGST for 2 hr at 4
C on a rotating platform. A 20% suspension of
glutathione sepharose 4B beads (300 	l) was added after the first H.-D. So¨ling for his support and helpful discussions, S. Elbashir and
J. Harborth for assistance with the siRNA experiments, and K. Weber1 hr of this incubation. The samples were centrifuged at 500 g for
3 min, and the supernatant was used. The precleared fractions were for helpful comments (all at the Max-Planck Institute for Biophysical
Current Biology
658
Chemistry, Go¨ttingen, Germany). We thank G. So¨hl, K.Willecke, and disrupts gap junctional communication. J. Cell Biol. 154,
815–827.M. Falk for Cx43 plasmids, J. Nelson and R. Kemler for GFP-E-
cadherin plasmids, S. Kuznetsov for the GFP-actin plasmid, com- 16. TenBroek, E.M., Lampe, P.D., Solan, J.L., Reynhout, J.K., and
Johnson, R.G. (2001). Ser364 of connexin43 and the upregula-ments, and support, and M. Dale (Cambridge, UK) for expert techni-
cal assistance. We also thank D. Goodenough for reading an early tion of gap junction assembly by cAMP. J. Cell Biol. 155, 1307–
1318.version of this manuscript and suggesting useful experiments and
M.S. Robinson for critical reading of an advanced text version. This 17. Faucheux, N., Zahm, J.M., Bonnet, N., Legeay, G., and Nagel,
M.D. (2004). Gap junction communication between cells aggre-work was supported by the Wellcome Trust (Senior Fellowship to
R.D.; grant number 047578), the Deutsche Forschungsgemeinschaft gated on a cellulose-coated polystyrene: influence of connexin
43 phosphorylation. Biomaterials 25, 2501–2506.(DFG grant So 43/60-1), and a Sonderforschungsbereich 406 grant
to S.H. 18. Ishikawa, R., Hayashi, K., Shirao, T., Xue, Y., Takagi, T., Sasaki,
Y., and Kohama, K. (1994). Drebrin, a development-associated
brain protein from rat embryo, causes the dissociation of tropo-Received: December 8, 2003
myosin from actin filaments. J. Biol. Chem. 269, 29928–29933.Revised: February 26, 2004
19. Shirao, T., and Sekino, Y. (2001). Clustering and anchoringAccepted: March 10, 2004
mechanisms of molecular constituents of postsynaptic scaf-Published: April 20, 2004
folds in dendritic spines. Neurosci. Res. 40, 1–7.
20. Takahashi, H., Sekino, Y., Tanaka, S., Mizui, T., Kishi, S., andReferences
Shirao, T. (2003). Drebrin-dependent actin clustering in dendritic
filopodia governs synaptic targeting of postsynaptic density-951. Kumar, N.M., and Gilula, N.B. (1996). The gap junction communi-
and dendritic spine morphogenesis. J. Neurosci. 23, 6586–6595.cation channel. Cell 84, 381–388.
21. Jamora, C., and Fuchs, E. (2002). Intercellular adhesion, signal-2. Goldberg, G.S., Lampe, P.D., and Nicholson, B.J. (1999). Selec-
ling and the cytoskeleton. Nat. Cell Biol. 4, E101–E108.tive transfer of endogenous metabolites through gap junctions
22. Yonemura, S., Itoh, M., Nagafuchi, A., and Tsukita, S. (1995).composed of different connexins. Nat. Cell Biol. 1, 457–459.
Cell-to-cell adherens junction formation and actin filament orga-3. Bukauskas, F.F., Jordan, K., Bukauskiene, A., Bennett, M.V.,
nization: similarities and differences between non-polarized fi-Lampe, P.D., Laird, D.W., and Verselis, V.K. (2000). Clustering
broblasts and polarized epithelial cells. J. Cell Sci. 108, 127–142.of connexin 43-enhanced green fluorescent protein gap junction
23. Itoh, M., Nagafuchi, A., Moroi, S., and Tsukita, S. (1997). Involve-channels and functional coupling in living cells. Proc. Natl. Acad.
ment of ZO-1 in cadherin-based cell adhesion through its directSci. USA 97, 2556–2561.
binding to alpha catenin and actin filaments. J. Cell Biol. 138,4. Willecke, K., Eiberger, J., Degen, J., Eckardt, D., Romualdi, A.,
181–192.Guldenagel, M., Deutsch, U., and Sohl, G. (2002). Structural and
24. Rajasekaran, A.K., Hojo, M., Huima, T., and Rodriguez Boulan,functional diversity of connexin genes in the mouse and human
E. (1996). Catenins and zonula occludens-1 form a complexgenome. Biol. Chem. 383, 725–737.
during early stages in the assembly of tight junctions. J. Cell5. Toyofuku, T., Yabuki, M., Otsu, K., Kuzuya, T., Hori, M., and
Biol. 132, 451–463.Tada, M. (1998). Direct association of the gap junction protein
25. Harigaya, Y., Shoji, M., Shirao, T., and Hirai, S. (1996). Disap-connexin-43 with ZO-1 in cardiac myocytes. J. Biol. Chem. 273,
pearance of actin-binding protein, drebrin, from hippocampal12725–12731.
synapses in Alzheimer’s disease. J. Neurosci. Res. 43, 87–92.6. Giepmans, B.N., and Moolenaar, W.H. (1998). The gap junction
26. Nagy, J.I., Li, W., Hertzberg, E.L., and Marotta, C.A. (1996).protein connexin-43 interacts with the second PDZ domain of
Elevated connexin-43 immunoreactivity at sites of amyloidthe zona occludens-1 protein. Curr. Biol. 8, 931–934.
plaques in Alzheimer’s disease. Brain Res. 717, 173–178.7. Giepmans, B.N., Verlaan, I., Hengeveld, T., Janssen, H., Calafat,
27. Westfall, T.A., Hjertos, B., Twedt, J., Brimeyer, R., Gladon, J.,J., Falk, M.M., and Moolenaar, W.H. (2001). Gap junction protein
Olberding, A., Furutani-Seiki, M., and Slusarski, D.C. (2003).connexin-43 interacts directly with microtubules. Curr. Biol. 11,
Wnt-5/pipetail functions in vertebrate axis formation as a nega-1364–1368.
tive regulator of Wnt/-catenin activity. J. Cell Biol. 162,8. Giepmans, B.N., Hengeveld, T., Postma, F.R., and Moolenaar,
889–898.W.H. (2001). Interaction of c-Src with gap junction protein con-
28. Falk, M.M., Kumar, N.M., and Gilula, N.B. (1994). Membranenexin-43. Role in the regulation of cell-cell communication. J.
insertion of gap junction connexins: polytopic channel formingBiol. Chem. 276, 8544–8549.
membrane proteins. J. Cell Biol. 127, 343–354.9. Asada, H., Uyemura, K., and Shirao, T. (1994). Actin-binding
29. Toda, M., Shirao, T., Minoshima, S., Shimizu, N., Toya, S., andprotein, drebrin, accumulates in submembranous regions in
Uyemura, K. (1993). Molecular cloning of cDNA encoding humanparallel with neuronal differentiation. J. Neurosci. Res. 38,
drebrin E and chromosomal mapping of its gene. Biochem.149–159.
Biophys. Res. Commun. 196, 468–472.10. Shim, K.S., and Lubec, G. (2002). Drebrin, a dendritic spine
30. Tokuyasu, K.T. (1978). A study of positive staining of ultrathinprotein, is manifold decreased in brains of patients with Alzhei-
frozen sections. J. Ultrastruct. Res. 63, 287–307.mer’s disease and Down syndrome. Neurosci. Lett. 324,
31. Allison, D.W., Chervin, A.S., Gelfand, V.I., and Craig, A.M. (2000).209–212.
Postsynaptic scaffolds of excitatory and inhibitory synapses in11. Majoul, I.V., Bastiaens, P.I., and Soling, H.D. (1996). Transport
hippocampal neurons: maintenance of core components inde-of an external Lys-Asp-Glu-Leu (KDEL) protein from the plasma
pendent of actin filaments and microtubules. J. Neurosci. 20,membrane to the endoplasmic reticulum: studies with cholera
4545–4554.toxin in Vero cells. J. Cell Biol. 133, 777–789.
12. Majoul, I., Straub, M., Hell, S.W., Duden, R., and Soling, H.D.
(2001). KDEL-cargo regulates interactions between proteins in-
volved in COPI vesicle traffic: measurements in living cells using
FRET. Dev. Cell 1, 139–153.
13. Majoul, I., Straub, M., Duden, R., Hell, S.W., and Soling, H.D.
(2002). Fluorescence resonance energy transfer analysis of pro-
tein-protein interactions in single living cells by multifocal
multiphoton microscopy. J. Biotechnol. 82, 267–277.
14. Elbashir, S.M., Harborth, J., Weber, K., and Tuschl, T. (2002).
Analysis of gene function in somatic mammalian cells using
small interfering RNAs. Methods 26, 199–213.
15. Lin, R., Warn-Cramer, B.J., Kurata, W.E., and Lau, A.F. (2001).
v-Src phosphorylation of connexin 43 on Tyr247 and Tyr265
